A powder metallurgy (P/M) titanium matrix composite (TMC) reinforced with low cost carbon black was prepared by spark plasma sintering (SPS) and hot extrusion. Carbon black particles were added for the in situ formation of TiC dispersoids during the SPS process. Two kinds of titanium (Ti) powders, sponge and fine Ti, were coated with carbon black particles via a wet process using a zwitterionic solution containing carbon black spheres. The distribution of the particles on the Ti powder surface before the consolidation process was imaged using scanning electron microscopy (SEM). We evaluated the microstructure and mechanical properties of extruded pure Ti matrix composites reinforced with TiC particles. The morphology and distribution of the in situ TiC phases were investigated using optical microscopy and SEM with the help of an EDS analyzer. The mechanical properties of these composites were remarkably improved by adding a small amount of carbon black at 0:07$0:16 mass%. The increases in the yield stress of the extruded sponge and fine TMC were 70.0 and 291 MPa, while the tensile strength increases were 67 and 231 MPa, respectively, compared to those of extruded pure Ti with no reinforcement. Finally, the fractured surfaces of TMC specimens after tensile testing were observed. The benefits of the wet process and the use of carbon black additives are discussed in detail.
Introduction
It is now apparent that the global economic crisis began in 2007. The failures of financial firms in the United States exploded into a global economic problem. Japan, Asia's economic hub, was also affected by this crisis. All of the country's economic sectors have had to adapt to survive this crisis. The production sector has been exploring ways to reduce operating costs consistent with the management priorities of each company. Titanium and titanium alloys have attracted interest because they offer high specific strengths and are widely used across various industrial applications, most notably in the aerospace sector. 1) Lightweight, high strength and low cost materials are required to reduce production costs. This report proposes a simple production method for high strength titanium matrix composites, which might be of particular benefit during the current economic recession. High strength Ti-based alloys and composites have been produced via hot working, 2) ball milling 3, 4) and severe plastic deformation 5, 6) processes, but those methods remain inappropriate for mass production purposes. In most cases, these approaches are too timeintensive and have excessive energy requirements. Recently, Ti was reinforced with un-bundled carbon nanotubes (CNTs) via a powder metallurgy route. 7, 8) One of the researchers demonstrated the effective preparation of un-bundled CNTs by using zwitterionic surfactant solutions via a wet process 9) that might potentially also be used for agglomerated carbon black particles. Polar zwitterions generally exhibit high solubility in water but poor solubility in most organic solvents. 3-(N,N-dimethylstearylammonio) propanesulfonate, a typical linear zwitterionic surfactant, was used in this study. This chemical features both hydrophobic and hydrophilic groups. Electrostatic interactions, which have larger attractive forces than the van der Waals forces between carbon black particles, will occur at the hydrophilic groups because of the associated positive and negative charges. Consequently, non-agglomerated carbon black particles persisted in the zwitterionic surfactant solution. In the present study, commercially pure titanium powders coated with non-agglomerated carbon black particles were prepared by wet processing, and consolidated by spark plasma sintering (SPS) and hot extrusion as wrought composites. We conclude that the application of wet processing to carbon black nano particles yielded superior mechanical properties for P/M titanium matrix composites reinforced with in-situ formed TiC dispersoids.
Experimental
We used as starting materials commercially pure sponge and fine Ti powders, with mean particle sizes of 686 mm and 30 mm, respectively. The chemical compositions of the starting materials are listed in Table 1 . Carbon black particles with an average diameter of 290 nm were used as the reinforcing material. This is because carbon black particles 10) A typical linear zwitterionic surfactant solution with a carbon black concentration of 0.5 mass% was prepared. Ti powders were immersed in the aqueous carbon black/zwitterionic solution and subsequently dried in an oven at 373 K for 10.8 ks. Ti powders coated with carbon black particles were obtained. Solid zwitterionic substances were also present on the Ti surface but these needed to be eliminated before consolidation because they would otherwise convert to gases at temperatures of above 773 K, 11) resulting in pore defects in bulk consolidated materials. To eliminate all solid zwitterionic substances, the coated Ti powders were heated again in a horizontal tube furnace at 873 K for 3.6 ks under an Ar gas atmosphere. The Ti powders with carbon black particles were consolidated using the SPS (Syntech Co. SPS-103S) process at 1073 K for 1.8 ks under vacuum. The applied load during this process was 30 MPa. The sintered Ti billet was heated to 1273 K for 180 s under an Ar atmosphere and immediately underwent a hot extrusion process. The extrusion ratio, speed and die temperature were 37, 3.0 mm/s and 673 K, respectively. The microstructure and phase characterization of extruded Ti composites were investigated with X-ray diffraction (XRD, Shimadzu XRD-6100), optical microscopy and a scanning electron microscope equipped with an energy dispersive spectrometer (SEM-EDS, JEOL, JSM-6500F). The extruded Ti matrix composite materials were machined into tensile specimen bars of 3.0 mm in diameter and 20 mm in gauge length. The mechanical properties were evaluated using a universal test machine (Autograph AG-X 50kN, Shimadzu) under a strain rate of 5 Â 10 À4 /s. Hardness was measured using a micro-Vickers hardness tester (Mitutoyo). The fractured surfaces of tensile specimens were observed by SEM. Figure 1 is an SEM photograph showing the carbon black particles used as raw materials in this experiment. The irregularly shaped particles have an average size of 290 nm. They consist of many agglomerated primary particles with a mean size of 100 nm or smaller. Figure 2 shows Ti powders coated with carbon black particles. The local surfaces of the Ti powders were covered with carbon black particles because the concentration of carbon black was 0.5 mass% and insufficiently high to result in fully-coated carbon black/Ti composite powders. The distribution of carbon black particles primarily consisted of local deposition on the curve or the facet of the powders. It is difficult to directly measure the amount of carbon black on Ti powders. A carbon content analysis of extruded materials must be used to measure this parameter. The carbon content analysis of the extruded materials in Table 2 suggests that sponge and fine Ti powder contain 0.073 mass% and 0.162 mass% carbon, respectively. The elevated percentage of carbon in the case of fine Ti is presumably due to the shape and size of the fine Ti powder. The fine Ti powder exhibits a higher specific surface area than sponge Ti powder. At constant volume, fine Ti has a higher probability of being coated with carbon black than sponge Ti powder. The solid zwitterionic substances were Fig. 2 , and had to be eliminated before the consolidation process. After eliminating these substances at 873 K for 3.6 ks, all of the Ti powders were seen to have partially reacted with carbon black to form TiC at the interface. High magnification images of the sponge and fine Ti powders are shown in Figs. 3(a) and 3(b) . The partial bonding of the carbon black and Ti surfaces in the case of sponge and fine powders is almost the same. The formation of TiC at the bonded interface is possible and consistent with both theoretical thermodynamics and experimental data. [12] [13] [14] [15] X-ray diffraction patterns for the extruded Ti composite materials reinforced with in situ formed TiC particles are shown in Fig. 4 . The first peaks of TiC at 2 ¼ 35:74 and 36.04 degree are detected in both the extruded sponge and the fine Ti/carbon black samples. However, the second peak is detectable at 41.72 deg for the fine Ti sample only. The relative intensity and the breadth of the TiC peak for the extruded fine Ti/TiC composite obviously indicate that the volume fraction and size of the TiC particles are very small within this matrix. According to our carbon content analysis results for the sponge Ti sample, the low carbon content of 0.073 mass% might eliminate the second peak. TiO 2 peaks were not detected in this study, and we therefore conclude that oxidation cannot occur inside the extruded materials during the hot extrusion process and does not affect the mechanical properties of the extruded materials.
Results and Discussion
The microstructures of our extruded Ti/carbon black composites are illustrated in Fig. 5 . TiC particles are uniformly distributed throughout the matrix as shown in Figs. 5(a) and (c), which may account for the high distribution of carbon black particles on the Ti powder surface in the context of wet processing. The TiC particle size measurements for both sponge and fine extruded Ti/carbon black composites indicate that the in situ formed TiC particles measure 1.8 and 3.0 mm, respectively. The grain size measurements of all extruded Ti composites, both with carbon black and without carbon black reinforcement, suggest sizes in the range of 4 to 7 mm. The grain sizes for all extruded samples were not significantly different. Therefore, the effect of grain size on mechanical properties may be at the same level and may fail to exhibit a more important role than those of the in situ TiC dispersoids. The average grain sizes and TiC particle sizes for all extruded samples are summarized in Table 3 .
The tensile test results are shown in Fig. 6 , which shows the stress-strain curves, and are also summarized in Table 3 . The tensile properties for extruded Ti without carbon black in this study are almost identical to those of the conventional pure Ti. 16, 17) The average yield stress (YS) and tensile strength (TS) values for the extruded sponge and fine Ti/TiC composites are 317, 479, 744 and 878 MPa, respectively. In the case of the sponge Ti powders, the increases in YS and TS on account of the addition of carbon black particles are 28.3% and 16.2%, respectively. In the case of the extruded fine Ti/TiC composite, YS and TS are elevated remarkably by 64.2% and 35.7%, respectively. As listed in Table 2 , the incremental percentage of carbon of extruded sponge Ti is 461.5% and that of the extruded fine Ti is 1250.0%. It is clear that the incremental percentage of carbon is much higher than the incremental percentages of oxygen and nitrogen. This means that the effect of the increases in oxygen and nitrogen on the tensile properties of the extruded sponge and fine Ti/TiC composites may be very small. Therefore, the increased YS and TS of the composites are mainly due to the dispersion strengthening effects of in situ formed TiC fine particles. We note that 0.01 mass% addition The elongation percentage of the extruded sponge and fine Ti/TiC composites is decreased by 7.87% and 21.45%, respectively, compared with the extruded unreinforced pure Ti composite. The micro-Vickers hardness values (HV0.05) increase by 33.3% and 30.2% for the sponge and fine Ti composites, respectively. The density of all extruded samples was measured by Archimedes law. The relative density was calculated using a theoretical density of 4500 kgÁm À3 17) as shown in Table 3 . All of the extruded samples show a relative density of greater than 99.5%. This indicates that all of the extruded samples are completely consolidated by SPS and by the hot extrusion process. Therefore, the pore effect on the mechanical properties is very small and can be neglected. A comparison of the mechanical properties of fine Ti/TiC composite and conventional Ti-6Al-4V (Ti64) alloy appears in Table 3 . By adding a small percentage of carbon black particles, the yield stress and tensile strength of fine Ti/TiC increased, approaching the lower levels of the Ti64 alloy. At the same time, the elongation was much higher than that of Ti64. We would expect that fine Ti/carbon black composite may replace the conventional Ti64 alloy in the near future.
The fractured surface of the tensile specimen of the sponge Ti/carbon black composite was selected as a representative sample. Even MgCl 2 and TiFe compounds were not detected by XRD, but the EDS analysis of the fractured surface clearly confirmed the existence of those defects, as shown in Fig. 7 . However, MgCl 2 and TiFe compounds were not present in the case of the fine Ti/TiC composite. The formation mechanism of those compounds remains unclear because there are many elements in the Ti powders, as shown in Table 1 . Other substances are also produced as byproducts of the zwitterionic solution after the elimination process. At this stage, we believe that the formation of MgCl 2 probably occurred during SPS consolidation. Any Mg and Cl atoms would have had sufficient time to diffuse and form a compound in the matrix. This remains an area of ongoing investigation.
Conclusion
In this study, the mechanical properties of Ti reinforced with carbon black particles were improved with the addition of in situ formed TiC particles. The increasing yield strength and ultimate strength of the sponge and fine Ti/TiC composites, as well as considerable ductility, were achieved through a combination of wet processing, spark plasma sintering and hot extrusion. The conclusions of this study are as follows.
(1) Wet processing using a zwitterionic surfactant solution was effective to uniformly coat non-segregated carbon black particles onto the Ti powder surface. (2) Increasing the oxygen and nitrogen contents failed to significantly improve the mechanical properties of the extruded sponge and fine Ti/carbon black composites, although increasing the carbon content did achieve this. (3) The elevated content of in situ TiC fine particles within the Ti matrix increased the yield strength, tensile strength and hardness of commercially pure Ti powders. The ductility of these composites is considerable compared with that of the conventional Ti64 alloy.
